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Understanding Cross Sections @ LHC:
many pileces to the puzzle

Benchmark cross
sections and pdf
correlations

=]

PDFs with P outgoing pafton £__%
= = - T

uncertainties

Underlying event
and minimum bias Sudakov form factors

Jet algorithms and jet reconstruction



(How) will the puzzle pieces
fit together?

Sudakov
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EXPERIMENTAL EVIDENCE
FOR MORE DIMENSIONS
REPORTED

Gordon 1. Kane
May 2011

he worldwview of phyvsicists work-

gz on unification  theories has
been changing rapidly recently,  That
change culminated in March, at the
46th annual Recontres de Morond
conlerence in Les Aresz, France, with
lthe announcement of some startling
data from CERN's Large Hadron Col-
hider (LHC).

¥ore than two hundred years
ago, Charles Aupuastin Coulomb
showed that the electrical force had
the same form as the gravitalional

ary. Because the work was well ahead
al its time, and becanzse of World YWar
LI, Klein’s insight went largely unno-
ticed.  Hee L. CYRaifeartaigh, The
Liaipning of Gouge Theory, Princeton
University Press, 1877

The ficlds of the higher-dimen-
sional theory were the gravitational
tensor field, the electromagnetic vec-
tor potential Neld and a sealar Held.
O course, Lthe itheories of electricity
and magnetism were unified without
exbra dimensions by Maxwell, and the
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How well do we understand the
Standard Model (@ high pT)?

It seems to work very well ... how
well?

What does that mean for the LHC?

What theory/analysis work 1s needed?




3 Measures of How Well
We Understand the SM @ High-Pt
(all based on TeV results)

= “Discovery”
= Global Analysis
= Null search for New Physics
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A Golden Event

Event taken
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#2: Global Analysis @ High Pt

Define high-p_ objects reconstructed 1in
experiment (CDF in this case)

Generate-Simulate Monte Carlo events and
reconstruct same objects

Introduce a correction model (fakes,
K-factors, uncertainties) and refine

Compare counts and shapes 1in different
final states




Final State: la 1b 1lpmiss

: : Significant
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Modeling the SM 1in practice

= We know the importance of PDFs, NLO ..

= In practice, we try to use the data to
calculate all orders, pert and non

= Data(Y) = MC(Y)/MC(X) * Data(X)

= Other theoretical developments are
used mainly for cross checks or to
model signals

= Like mixing cocktails or making
sausage



Alpgen/MadEvent  w+1p
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final state normalizations
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Vista kinematic shapes

KS probability
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Quantitative Results

Event counts are distributed as you expect when
you look at 399 final states

Largest discrepancy 1s a 2.7sigma deficit
Several % of all distributions disagree:

% 1s typical of the systematic expected in
event generators

about 6% of distributions have KS<1%, but
there are many commonalities
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Dissecting the SM cocktail

Much of the Monte Carlo is default Pythia/Herwig
(simple processes + parton showers)

Some processes like W/Z/y+jets combine
Matrix Elements with parton showers
Such calculations are necessary for the LHC

We can remix our cocktail with different
Implementations of the Standard Model theory
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Relevant K-Factors

K=NLO/LO
6M/6L1

Typical scales thn K factor LN K -factor

it it ﬁ:[lf}.q_;.:l .F":Iulj .h?.ﬂ._.iju_] AV [_f"'l_}

W M E.‘r?h-}- 1.33 1.51 1.21
W+liet e ([P 142 || 120 | 1.43
W +2jcts mw || .16 || 041 1.20
WA +jet mayw |2y .19 1.37 1.26
# Dy 108 | 131 1.24
1 Ljet ! 2iry .13 1.43 1.37
bi w |12me 120 | 121 | 2.10
Higys ey | 2.33 2.33
Higgs via VBE | mpr [|o 107 97 1.07
Higys | Ljel e | e 2.02 2.13
Higys 1 2jels LIT pJ]'ih = —




ArXiv:0711.4044 CDF...(SM) B
=
TnE
tE
12
;
15
;
0=
Comparison | -,
of relative Comparison "§ ¢
event of relative Tos
counts shapes i
/ CIF I/V_M  MLI uncarainy - E
m COF 1/ 3MPR SVITR arceranty - |
2 CIF 1/ VISV = 1
-+ MCFM 20F uncwerlei iy N e
MCHM Sca e uicertairty - £ 4
- v f—‘-++; - éi j
o MLV H
m SMFR ey - s
5 g -1

E]

Inclusive Jet Multiplic

L » COF I/ LM —

& CGLFI MCHA

=aale uncortair by

FUF unac-tainty

szele uncsrtainy

Pasgaidialt' _
o :
L o L |/ SWVFR I l } u
Scele unceainy | -
LN oo o) 71n L ERR)
Mrstoet O (Gev)
- a GCFIMCFM 0 Seale uncertairty --- FOF unce-taiqty
: ! 1

TR

=cals unosrainty

cor 3 1 «CF 1ML
Fiipd 1] - I_' .

=15 SMPE ACAlR Une=TEITY

|
|
A 4] B T4 T3 o ) TED I
Second . et E_ (G2V)
-_E_ « C_2FITPMLW =Calz unocriainty
" 1 J
B s ZD= 11/ SMPFE - Scale uncetzl Ty
[ 3

—m—

i
Third _et E, (G2W)

]



26

il

. ALl distributions show good
agreement with the data "




Exclusive final states

An excess

Rigorously compute the
trials factor associated
with looking everywhere

toda
f Cd (hep— ph)( prediction)

0001001
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Goal of Sleuth

Identify statistically significant
excess of data in the high-Zp, tails

SM prediction for SM prediction for
some final state some final state

‘ >
most

interesting
78 region




d(events) / d(p,)
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Recap: Sleuth Algorithm

ScriptP = % of pseudo-experiments where this final state has any
tail more interesting than the actual most interesting one.

]

S

SM expectation fo

final state 2 SM expectation for

SM expectation fo final state 3

final state 1

2p, I— 2p, I 2p;

Pmin Pmin Pmin

trials factor
tildeScriptP

TildeScriptP = % of pseudo-experiments that would produce any tail
in any final state, that would be more interesting than the most
interesting tail actually observed.

d(evehts) / d(p,)
d(events) / d(p,)
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CDF Run II (2 fb-!)

Sleuth @QCDFII result

-

P = 0.08

(tOP 5) % of pseudo-

: s experiments should
) : LI’ 2. | . .
) CDF Ru_n 11 P[e.lum'u'uy (2.0 Ib be as interesting
SLEUTH [inal State ‘P

e 0.00055

a7y 0.0021

VAR 0.0042 No significant excess

=y 0.0047

g 0.0065 This does not prove
no new physics!

31



CDF Run II (1 fb-!)

Sleuth @CDFIIa result

A

P = 0.46

SLEUTH Final State B B— .
CDF Run Il Preliminary (2.0 {b

bih 0.0055 SpeuTH Final State P

1P 0.0092 " g prt 0.00055
ARAN T 0.011 gt 0.0021
(e p 0.016 ¢lel g 0.0042
iy 0.016 ¢+0-¢ 4 0.0047
(Yt p 0.0065
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http://www-cdf.fnal.gov/physics/exotic/r2a/
20080228.vista sleuth/publicPage.html
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http://www-cdf.fnal.gov/physics/exotic/r2a/
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The greatest limitation to this &
blind new physics search
1s mis-modeling of backgrounds

Note: this analysis does NOT
incorporate PDF, showering
uncertainties:

these are “fit” using

correlations between

different final states
(e.g. K-factors from data)
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What does this mean for the LHC?

= Before: Gave 3 arguments that we
model physics @ high-Pt well

= Now: this 1s not entirely relevant
= QLEP & @TeV, we mainly study quarks
= Focus on things we don't do well

= Later: why this doesn't matter much
for 100 pb™-1
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What do we expect at the LHC?
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How much does the ¢tf cross
section change from the
Tevatron to the LHC?
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How much does the x*X-
(m=200 GeV)cross section change
from the Tevatron to the LHC?

b Tevatromn (Run 2 2 [x10]

MRSTZ004  CTERS.)
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How much does the W+4j cross
section change from the Tevatron
to the LHC?

kT.>2OGeV
J




Top vs W (ATLAS study)

M. Barisonzi
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Top total

Has perturbation theory gone wrong?
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Quark @TeV2 radiates
Less (color=4/3)

40
Prmin [GEV]

Gluon @LHC radiates
Like g+gbar
(color=3~8/3)

Sudakav form factor

P (GeVic)
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Greatest Concerns 1n
TeV - LHC Extrapolation

= Exploring new kinematic regimes

= Not so much an 1ssue, except UE,
small X

= Complicated topologies
= Studying gluons instead of quarks




Corrections
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t1

(AN
QgL

Integrated over v

GRS .l 2.3 LoD

Scrt(s) [lev)

3,50 19.00

Under 1 TeV, PDF lumi
known to 10%

Need similar precision
in theory calculations
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impact PDF fits
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Large PDF uncertainty:
final state likely not
well-studied

Small PDF uncertainty:
initial state known,
but not necessarily
final state
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W+4 partons

Topological

TEVATRON

overlap

Graph

raph
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W+jets

Ariadne

Eta (2™ Jet) TeV - LHC more than
DGLAP

=] ]
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Direct charm + gluon splittin
W+charm % : ; :

¢ Different game once heavy quarks are included: isolating clean event

samples is not so easy.

® Serious studies only recently undertaken.

Abazov et al., PLUGGO, 23 (20U8)

7 : 0.2
Ly P’V"‘"‘E—JEL] , SR RN <
: _ — 0.074 £ 0.U19(stat.) " g5 (svst. -
0 -H_,?' +JEI.IE_ -.:l # G:Dj:( w ) HJE -—
7 | 0.16 -
of T E:'JHL] — 1.044 014
iR ah -
a[W 1 jets| 4y pgeny theory - Boaaf
) . error ~9F o
oLV + cojet] _o,s  ~10%  [r|r
oW +jets| ;000 g €008 |
] L' 2% = -\.E_,- :
06 -
" W 2T 0.04
\\1 L -
1:.*153&5 e T vovwoem W 0.02 —
___..-"". ;‘__.-"' - |
e : 10

MNB: large logs and charm PDF

e |ury still out, kinematic study essential.

DO
L=1fb"

Alpgen (v2.05) + Pytnia (v6.323)

________

e
jot p_ [GeV]

dorn CamPRFIL, UNMIVEFRSITY OF GB1 ascow 15



VW+bottom { Gluon splitting :I

¢ WH+| or 2 jets, either or both of which may be b-tagged.

¢ Most important for single top study.

¢ (CDF measurement:

Ol —juis W — b—jets) x DR(W — £r) — 2,74 = 0.27(stat) £ 0.42(syst)pb
{I‘Jf'r —|— IE"-jE'I:E} o BR{TP? — E}If';}_'”n‘_r.-{'; BN = D?S ph CDE Note
9321

To-Jels

® Ongoing work to compare with ACOT formalism combining (at NLO)
two sources of W+b events.

b b ;
o "
¢ 0 !'=< = .. but sdill hard to
| b ;s o o explain factor of 3-4
=
4 HE‘-’
7 s ~ HT ey
L AN L
) W (NB: role of bottom
IC et al., nrXiv:0809.3003 [hep-ph] PDF again)

dorn CamPRFIL, UNIVEFRSITY OF &1 ASGow 200
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Perugia Models:
extrapolation of UE

LHC 14000 GeV¥ Inelastic. Non-Diffractive

[

,.hGharged Parice Multislicity (|n|<2.5, p, »0.5GeV)
FYg,

Peorugia 2

Perugia HARLC

Perugia SOFT
u Perugia 2

ik
=

Probability (N_, )

Variation of:

ISR, FSR, MPI,

Beam remnant,

Energy scaling,
CR

(stable particle
definition: ct > 10mm)

Iythia &.420

100 150
N, ()N <25, p >0.5GeV)
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Desired Perturbative Variations
for Shower Uncertainty

Radiation functions
Evolution variables
Phase space mapping
Internal scales

Skands/Giele/Kosower VINCIA 1s the
closest match to this




VINCIA

Gustafson, PLB175(1986)453; Lonnblad (ARIADNE), CPC71(1992)15.
Azimov, Dokshitzer, Khoze, Troyan, PLB165B(1985)147
Kosower PRD57(1998)5410; Campbell,Cullen,Glover EPJC9(1999)245

Based on Dipole-Antennae
= Shower off color-connected pairs of partons

Dipoles (=Antennae,
not CS) — a dual
description of QCD

= pT-ordering (= ARIADNE ~ PYTHIAS8)
= Dipole-mass-ordering (~ but not = PYTHIAG)
= Thrust-ordering (3-parton Thrust)

(evolution scale, p,, mother antenna mass, 2-loop, ..

= Antenna-1like (ARIADNE angle) or Parton-shower-like

53 Giele, Kosower, PS : hep-ph/0707.3652 + Les Houches 2007



il VINCIA in Action

Finite pileces

Vo 1 U -

Z—qq
Fylh 4 & 103
Thrust

paran-davwe
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Can vary

= evolution variable, kinematics
maps, radiation functions,
renormalization choice, matching
strategy

= After 2™ order matching

Non-pert part can be precisely
constrained.

(will need 2™ order logs as well for full
variation)
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K-factor=1.15
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at LO
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K-factors: how important 1s NLO?

Ignores shape changes
K=NLO/LO

6M/6L1

Typical scales Vtmn K -factor LHC"—fﬂctm

it ity K ilh'.q_;.:I X :|”'1: .l::"-i._,f.;_p_] LY [_ff..;_] ] M [_,.‘ 1 I

mw [|2mw || 133 | 131 | 121 | 115 || 105
my || 142 | L20 | 143 | 121 || L3z
mw || 116 | 081 | 129 | 08y || 0.88
myw | 2my 1.15 1.37 1.26 1.40
me || 2my 108 | 131 | 1.24 . 1.59
e || 20 .13 | 143 | 137 . 1.29
me || 2me .20 | L21 | 210 . 0.84
iy || 2,33 2,33 72 -

Higgs via VBE | my || 1.07 1.07 1.34
Higys | 1jel g || e 2.02 2.13 . =

Higys 1 Jjels e pjff - - : -




PDF uncertainty
Range is large

Figure |
pelf= e the

Inclusive jet:

Probes a wide
range of x, Q

Mixture of qq,9qq,

q9

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
2000 Q00 4000

PTGV c)

Fignre 1k, The ratiog of the T o 103 jeb oross section predierions for the THC nsing
the CTEQS. 1 pdts for e twee diffzreat rapldicy regioas (0-1 (squases), 1-2 (iangles), 2-3
{circles)h.
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What can we
expect at the LHC?

Can we understand 1t?




Heavy Quark Production @ LHC

Huge phase space in an interesting kinematic region

[ (TeV) for =,=1

2.0 Ah

Niev)/yr at L=10",
e=001

LHC 14 TeV

T e T ET |

Something new can appear very quickly
6l
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Possible LHC Outcomes

Something so striking ~100 GeV particles
you can't miss it with cascade decays

Z—uy

BH — 100 Z/W/t/h

. Nothing
New exotica

(QUirkS, h|dden Va”ey,) (except margina|
WW scattering)




Consequences

Easy
Use sideband data as your
“Monte Carlo”

Challenging

(Control regions are

all mixed u
(probably something else P)

to complete the picture)

More Challenging
Most Challenging
Requires detailed
understanding of SM When do you give up?
(and detector) tails
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Conclusions

We are prepared for the challenging case. We can
improve our current tools with manpower and
some mindpower and understand cross sections @LHC

At the Tevatron, we have qualitative AND quantitative
measures of how well we understand the SM

For early tests, data-driven Monte Carlo tools should be
sufficient. But now is a good time to start worrying
about higher orders and more logs



